shortening velocity * phosphorylation Stimulation of ,B-adrenergic receptors has been proposed to increase the rate of crossbridge cycling in mammalian myocardium.1-3 If true, this may contribute to increases in twitch tension and/or the rates of force development and relaxation observed during adrenergic stimulation of cardiac muscle. 4 In vitro experiments showed an increase in Ca2'-activated actomyosin ATPase activity in response to the ,3-receptor agonist isoproterenol (ISO), suggesting that the cycling rate is increased,5 but attempts to demonstrate a mechanical correlate have yielded conflicting results. ISO-induced increases in the frequency of minimum stiffness (fmin) of papillary muscles in barium contracture have been interpreted to reflect an increase in crossbridge cycling rate. 23 On the other hand, other studies on intact papillary muscles found no ,B-agonistinduced changes in the velocity of unloaded shortening (V,), either when measured by extrapolation of the force-velocity relation6 or by use of an isovelocity release technique during a twitch.7 V0 is thought to be determined by the rate of detachment of myosin heads from actin,8 and biochemical experiments suggest that ADP dissociation from myosin is sufficiently slow to be the rate-limiting step in crossbridge dissociation. 9 The absence of an effect on VO therefore implies that the crossbridge cycling rate is not changed by l3-adrenergic stimulation. V, and fmin results are not necessarily contradictory, however, because these mechanical properties characterize crossbridge cycling under different conditions. The increase in fmfin was observed during isometric contraction in which crossbridges are under considerable strain. On the other hand, shortening under low or zero load is characterized by less strained, and perhaps even compressively strained, crossbridpges.
Conceivably, ,B-adrenergic stimulation may modulate the strain dependence of one or more step(s) in the crossbridge cycle, which might account for different effects under the two conditions.
Alternatively, the previous experiments may have led to different conclusions because of the difficulties associated with interpreting experiments on intact multicellular preparations. First, the profound alteration in the dynamics of Ca2' handling during P-adrenergic stimu- 
Results
The attachment procedure consistently provided lowcompliance attachments of single myocytes in which sarcomeres could be monitored both at rest and during activation (Fig 1) . SL three cells were also typical of the slack-test experiments in that the agonist-treated cells had lower y intercepts (the mean intercept for ISO cells was 2.8% of muscle length less than the intercept for control cells; the mean intercept for PKA cells was 5.3% of muscle length less than the intercept for control cells) and were less sensitive to Ca 2+ compared with control cells (Fig  Sb, inset; and Table 2 ).
Claflin et a123 have shown in skeletal muscle that they intercept is in part determined by the extent of rapid initial shortening, which varies as a function of resting tension, but the slope of the slack plot (ie, V.) was not affected by the level of initial resting tension. We investigated this idea by measuring resting tension in control and PKA-treated cells for which both width and depth measurements were available. Mean resting tension in a solution of pCa 9 and at an SL of 2. There was also a trend toward lower maximum isometric force per cross-sectional area in the agonist- (Fig 7) . These results are in agreement with previous studies showing that f-adrenergic stimulation24,25 and PKA treatment26 result in phosphorylation of these two proteins.
Discussion
The present study investigated mechanisms by which phosphorylation of myofilament proteins modulates the contractility of cardiac muscle during ,3-adrenergic stimulation. At the molecular level, contractility is ultimately determined by two variables: the number of activated crossbridges and the rate at which they cycle.27 A potent modulator of both variables in intact myocardium is the substantial alteration in the dynamics of Ca2' handling by the sarcolemma and sarcoplasmic reticulum that occurs as a result of fl-receptor stimulation. 10 Larger Ca21 transients during a twitch increase activation of the thin filaments, leading to a greater number of active crossbridges and more force. 16 In addition, V0 has been shown to increase with [Ca21] in a variety of cardiac preparations.71128
Our results indicate that fi-adrenergic receptor-mediated phosphorylation of myofilament proteins also leads to functional changes that affect both crossbridge recruitment and cycling rate: the Ca2' sensitivity of tension is reduced, and the rate of crossbridge detachment from actin is increased.
Stimulating membrane receptors with ISO, followed by rapid skinning, reduced the Ca21 sensitivity of isometric tension (Fig 3 and (Fig 4) , indicating that the effects of f-receptor stimulation are mediated by phosphorylation of myofilament protein(s) as a result of activation of the adenylyl cyclase-cAMP pathway. The autoradiography results (Fig 7) more specifically suggest that Tnl and/or C protein are the proteins of interest. Tnl was previously implicated in mediating a reduction in Ca2+ sensitivity of tension, since its phosphorylation in vitro reduces the affinity of troponin C for Ca2+.25 It has been suggested that a reduction in Ca2+ sensitivity could underlie the increased rate of twitch relaxation during ,B-adrenergic stimulation by accelerating inactivation of the thin filament at the end of a contraction. 29 The 
